Criteria for the proper design and operation of the bio-toilet have not been established either by the manufacturers or by the authorities. Based on the results of experimental research already reported by us, criteria for the proper design and operation of the bio-toilet system were established. The establishment of operation criteria led to the formulation of an operation scheme where three main zones are distinguished: i) green zone, where the best composting performance is expected; ii) yellow zone, where biodegradation can be conducted but performance is not the most efficient; iii) other zones where operation of the bio-toilet is not recommended because odour problems and human health risks will develop, or in the worst case, biodegradation of faeces will not occur. In the design criteria, the surface area required for evaporating the water loads due to contributions of urine and faeces was determined by applying concepts of drying theory. This theory was also applied to estimate the mass and volume of dried sawdust required for dealing with the critical water loading. However, the accumulation of stabilised solids transpired to be more critical and, finally, mass and volume of dried sawdust were estimated based on this factor.
Introduction
The bio-toilet is a thermophilic composting toilet that is becoming commercially available and it is actually used in Japan in public parks, sightseeing areas, and households ( Figure 1 ). However, criteria for the proper design and operation have not been established either by the manufacturers or by the authorities. Users and owners of this toilet system simply follow the recommendations, stated in most cases verbally, of manufacturers and providers to operate it. These recommendations are given based on their experiences in operating such systems, rather than supported by scientific and technical arguments. Bio-toilet systems are sold to consumers as units already manufactured, in which users or planners do not have any participation in the design process. Thus, the necessity or duty of having proper design criteria mainly resides in manufacturers. Operation, on the other hand, involves manufacturers and also providers, users and planners.
Proper design of the bio-toilet implies that the system fulfills criteria such as safety, functionality, economy, aesthetics, and social and environmental affordability. Attending the criteria of functionality and social and environmental affordability, the bio-toilet must be designed with the aim of accelerating decomposition of human excreta, optimising efficiency, and minimising any potential environmental or nuisance problems (odour). These objectives must be coupled safety, low manufacturing and operational costs, and a esthetics, to become an affordable option for the users. Thus, design process of the biotoilet will consist of determining the size of the composting reactor that ensures the achievement of the criteria mentioned previously.
There are five important factors or aspects with which we must deal at the time of establishing criteria for the proper design and operation of the bio-toilet, these are degradation of organic matter, water balance, nutrients (mainly nitrogen processes), pathogens inactivation and fate of micropollutants.
Based on the results achieved in previous studies on such issues, an establishment of criteria for the proper design and operation is the aim of this paper. Micropollutants degradation is not discussed in this paper. Because bio-toilet deals with the evaporation of the water contained in human excreta, theory and concepts of drying of solids are used in the design process; however, results of drying tests, conducted in a laboratory-scale drying device designed by us, are not discussed in this work.
Considerations for the operation
The bio-toilet system is managed with the aim of accelerating decomposition, optimising efficiency, and minimising any potential environmental or nuisance problems (odour). In other words, operation of the system deals with factors or aspects such as degradation of organic matter, water balance, nutrients (mainly nitrogen processes), pathogens inactivation, and fate of micropollutants. So far, we have already reported results of studies conducted on those factors, except for the fate of micropollutants. Based on these results, criteria for the proper operation of the system, under the current configuration, are formulated.
Organic matter biodegradation
Among other factors, environmental conditions, such as temperature and moisture content, significantly affect the rates at which organic matter is biodegraded in the composting reactor of the bio-toilet. Reductions of TS, VS and COD of the order of 56%, 70% and 75%, respectively, are expected to occur in the bio-toilet when it is operated under thermophilic conditions. Continuous thermophilic aerobic conditions and organic loading are not limiting factors for the composting process in the system. However, constraints associated with high moisture contents may affect the performance of the composting process if organic loads beyond the faeces-sawdust ratio (F/S) equal to 25% are planned to be used (Lopez Zavala et al., 2005a). Figure 1 The bio-toilet system and its components Mesophilic and thermophilic microorganisms show different responses to temperature; additionally, results suggest that the optimum temperature from the viewpoint of faeces biodegradability is within the thermophilic range, nearly 60 8C. At 70 8C the activity of biomass is very low. It is clear that enzymatic activity of microorganisms diminished remarkably at this high temperature. At temperatures lower than 60 8C, biodegradation rates of faeces slow, following a pattern described by the Arrhenius equation. In the mesophilic range, hydrolysability of organic matter is remarkably dependent on the temperature at which the composting process is conducted (Lopez Zavala et al., 2004a) .
Higher reductions in parameters, such as total solids (TS), volatile solids (VS), and chemical oxygen demand (COD), and higher oxygen utilisation rates are obtained at moisture contents near 65%. This moisture level is the critical moisture estimated during drying tests on sawdust. Very low moisture contents, less than 50%, should also be avoided to ensure the proper environment for microorganisms and, consequently, faster and complete stabilisation of organic matter contained in faeces (Lopez Zavala et al., 2005b) .
Water balance
Composting in the bio-toilet system is characterised by different biological responses of microorganisms, depending on the moisture content under which the process is conducted. Low moisture contents (, 65%) ensure aerobic degradation of faeces, whereas high moisture levels ($65%) cause both aerobic and anaerobic decomposition. Because anaerobic conditions occur at high moisture contents ($ 65%), microorganisms' activity generates odour and VFA emissions. In addition, simultaneous aerobic and anaerobic processes at high moisture levels cause an increase in sulphate concentrations and formation of nitrites in the sawdust matrix, even though the composting process is conducted at thermophilic temperatures. At low moisture contents, anaerobic emissions, nitrification products and an increase in sulphate concentrations are not detected (Lopez Zavala et al., 2005b) .
Optimum moisture control and management in the composting reactor of the bio-toilet system should take into account not only high biodegradation rates of faeces, but also problems of odour and anaerobic emissions, and necessities of maintenance and services, associated with frequency of sawdust replacement. These requirements could be achieved by keeping moisture contents at 60% or little higher, but avoiding levels higher than 65%, i.e. moisture levels near, but lower than the critical moisture. Critical moisture is the frontier moisture content which defines either the highest degradation rates or the beginning of odour and anaerobic emissions, increases of sulphate concentrations, and the nitrification process under thermophilic conditions. Thus, critical moisture may be adopted as a simple physical operation parameter and it was found to be approximately 65% (Lopez Zavala et al., 2005b) .
The drying process plays an important role on the water balance inside the composting reactor to maintain the optimum moisture content for biodegradation and to avoid high moisture contents that cause anaerobic conditions. This process is discussed later.
Nutrients
Nutrients contained in human excreta are almost totally captured in the composting reactor of the bio-toilet, apart from the nitrogen. Nitrogen transformations in the system are remarkably affected by environmental conditions such as pH, temperature and moisture content of the sawdust matrix.
Even though pH control is difficult to achieve in the composting reactor, low pH (6 -7) should be maintained in the composting reactor of the bio-toilet system to ameliorate the high nitrogen losses observed. During faeces degradation conducted at 55 8C, T-N losses in the form of NH 3 were of the order of 94%, regardless of the organic loading. Experiments with urine confirmed that ammonification of organic nitrogen occurred in the composting reactors at high and low temperatures. At 40 and 60 8C, lower T-N reductions were observed, but the ammonia releases from the composting reactors were approximately 97.5% of T-N reductions. Unlike at 20 and 30 8C, T-N reductions were approximately 81.5 and 89.1%, respectively, whereas ammonia losses resulted at approximately 57% of T-N reductions. Nitrification products were not detected in all ranges of temperatures evaluated, except when high moisture contents were maintained. High salinity, especially high concentrations of Cl, seems to be the main inhibitory factor for the nitrification process in the composting reactor ($ 65%) (Lopez Zavala et al., 2004b) .
Pathogens inactivation
Temperatures over 45 8C (thermophilic range) are more effective for inhibiting the coliforms colony formation and bacteriophages plaque formation and consequently, for pathogens inactivation. Coliform bacteria colony formation at 60 8C is inhibited at only 1.17 h, whereas at 50 and 45 8C the inactivation occurs after 8 and 24 h, respectively. On the other hand, at temperatures lower than 45 8C, it takes much longer time to obtain 6-log reduction of CFU. The decay process of bacteriophages also shows the same profile. Temperature distribution in the bio-toilet system is not uniform, even just after mixing the sawdust matrix. The non-uniformity in temperature distribution causes a reduction of effectiveness for pathogens inhibition. Results of risk assessment show that the reduction of compost withdrawal infection risk to an acceptable level (1 £ 10 24 per year) is achieved i) by mixing the sawdust mixing 20 times per day over 2 d; or ii) by mixing 15 times per day over 3 d after the last using event of the bio-toilet. Elimination of low temperature zones is more effective than the increase of high temperature volume to reduce reaction time and to obtain affordable infection risk, especially in low mixing frequency, such as two times per day (Nakata et al., 2004) .
In practice, the above optimum temperature and moisture conditions in the composting reactor can be achieved by: i) continuously monitoring the composting process; ii) manipulating the temperature controller of the system; iii) changing the mixing frequency; and iv) controlling the water input for toilet bowl cleaning. pH control is more difficult to achieve, but the addition of sulphates, containing for instance magnesium, may help to reduce pH or enhance the formation of struvite crystals at higher pH.
Based on the above considerations, an operation scheme for the bio-toilet was prepared ( Figure 2 ). In this scheme, three parameters are considered, temperature, moisture content and mixing frequency. The effect of mixing frequency on human health risk was studied by Nakata et al. (2004) ; however, the effect on moisture content reduction due to the drying process and biodegradation rates has not yet been studied; therefore, the operation zones associated with mixing frequency are not conclusive, so they are delimited by dashed lines. The white dotted zone (green zone) denotes the conditions where the best performance of the bio-toilet is expected. In the shadow-dotted zone (yellow zone) the composting process can be conducted, but the performance is not the most efficient. From these two zones, operation of the bio-toilet is not recommended because odour problems and human health risk will arise, high operation costs for concept of excessive mixing, or in the worst case, biodegradation of faeces will not occur because microorganisms will die due to adverse environmental conditions.
Considerations for the design
Under the current configuration of the bio-toilet system (Figure 1) , the size of the composting reactor is determined by conditions such as: † Water loading rate due to daily contributions of urine, water contained in faeces, and water for cleaning the toilet bowl. † Drying rate, i.e. evaporation rate of water contained in urine and faeces and cleaning water. † Organic loading rate due to daily feeding of faeces and toilet paper; i.e. faeces-sawdust ratio (F/S). † Operating conditions described above. † Mixing frequency.
The water loading affects the water balance in the bio-toilet system. The average daily faeces and urine production rates per capita per day found in the literature are approximately 130 g (wet basis) for faeces and 1200 mL for urine (Almeida et al., 1999; Del Porto and Steinfeld, 2000) . The water content of faeces is approximately 82% (Lopez Zavala et al., 2002) . Thus, the daily water-loading rate of human excreta totalled 1,307 mL per capita per day (or 1,325 g per capita per day, if density of urine is 1.015 g/ cm 3 ). Because no studies have been conducted to evaluate the amount of water needed for cleaning the bio-toilet, but regarding that the quantity used for that purpose is relatively small, cleaning water may be considered negligible for design purposes. On the other hand, the design of the composting reactor must ensure the evaporation of the water loaded in one day, in such a way the bio-toilet is capable of receiving the next day water loading. If water content of faeces is 82%, the daily organic loading in dry basis due to faeces is 23.5 g per capita per day. Compared with the water-loading rate, the organic loading rate is very low. Therefore, as mentioned previously, the size of the composting reactor will be mainly determined by the water-loading rate.
Even though toilet paper is biodegradable organic material, its decomposition is quite slow compared with faeces biodegradation because toilet paper is a cellulosic material that is degraded by actinomycetes and/or fungi, microorganisms that are not dominant in the composting reactor of the bio-toilet system. Therefore, for design purposes, toilet paper may be considered as a part of the bulking matrix (sawdust).
Mixing in the bio-toilet enhances the incorporation of toilet wastes and air into the sawdust matrix, and the homogenisation of the sawdust matrix in terms of organic matter, Figure 2 Criteria for proper operation of the bio-toilet system microorganisms, water content and temperature distribution. Thus, the direct benefits of mixing are: acceleration of toilet wastes decomposition, increase of drying rates that will lead to smaller size of the composting reactor, enhancement of pathogens inactivation, and reduction of odours and possible anaerobic emissions. In general, mixing will improve the performance of the bio-toilet system. Nakata et al. (2004) evaluated the mixing frequency effect on the reduction of health risk when compost is withdrawn from the composting reactor. However, an evaluation of mixing frequency on drying rates has not been conducted yet, therefore, for design purposes, mixing may be considered as a "safety factor". Thus, the size of the composting the reactor may be estimated regarding no mixing conditions. Drying in the composting reactor is an important process to maintain a proper water balance in the sawdust matrix and, consequently, for the design of the system. The drying process was evaluated in the bio-toilet system (Lopez Zavala and Funamiza, 2005c) . The procedure adopted for conducting the drying tests and their results are not reported in this paper. In their design procedure, the surface area required to evaporate the water loads was estimated by using concepts of drying theory; these concepts were also initially applied to determine the mass and volume of sawdust requirements; however, these parameters were then revised to consider the accumulation of stabilised solids. This accumulation process finally governed the estimation of mass and volume of sawdust required.
Mixing will enhance the drying process; consequently, it may be thought that dimensions of the composting reactor may be reduced. However, because the effect of mixing in the drying process is difficult to evaluate with precision, mixing may result as being more important for operation rather than for design purposes. Thus, the mixing effect was not regarded in the design procedure. In addition, in this study, the shape of the composting reactor is considered to be parallelepiped, however, the current configuration is a semicircle in the bottom due to the shape of the mixing mechanism utilised. The dimensions determined here correspond to non-mixing conditions; therefore these may change depending on the type and shape of the mixing mechanism.
Conclusions
Criteria for the proper design and operation of the composting reactor of the bio-toilet system were established. The establishment of operation criteria led to the formulation of an operation scheme where three main zones are distinguished: i) green zone, where the best composting performance is expected and is defined by a temperature between 50 and 60 8C, moisture content within 50 and 60%, and a mixing frequency of 15 to 25 time/d; ii) yellow zone, where biodegradation can be conducted but performance is not the most efficient, its boundaries are the green zone and those defined by temperatures 40 and 70 8C, moisture contents 40 and 70%, and mixing frequencies similar to the green zone; and iii) other zones, where operation of the bio-toilet is not recommended because odour problems and human health risk will develop, or in the worst case, biodegradation of faeces will not occur. The effect of mixing frequency on organic matter degradation should be further studied in order to define the boundaries in the operation scheme more precisely.
Design criteria was established. The surface area required to evaporate the water loads due to contributions of urine and faeces was determined by applying concepts of drying theory (Lopez Zavala and Funamiza, 2005c) . This theory was also applied to estimate the mass and volume of dried sawdust required for dealing with the critical water loading. However, an accumulation of stabilised solids resulted in being more critical, and finally, mass, and volume of dried sawdust were estimated based on this factor. Design criteria should also consider factors related to the mixing process and method. In our design procedure these issues were not considered due to the lack of information. Thus, the required surface area, the mass of dry sawdust required and the bulk volume of the composting matrix resulted in being 643.0 cm 2 , 1.7 kg and 17.0 L per capita, respectively, if the sawdust is withdrawn every 6 months; or 643.0 cm 2 , 3.4 kg and 34.0 L per capita, respectively, if the sawdust is withdrawn once per year.
